Gastric emptying (GE) is an important element of gastrointestinal physiology. For clinical applications, highly accurate measurements of GE on an individual level are required for diagnosis.
the γ-radiation burden of scintigraphy. An exponential curve can be fitted to MRI gastric content measurements over time, from which the half-emptying time (t 50 ) can be estimated. 6, 7 With indirect methods, the emptying process is estimated by labeling the meal with a tracer. Tracer recovery via breath-or blood for acetaminophen 8 -is used as a proxy to estimate GE. 9 Breath testing (BT) is performed with a carbon isotope ( 13 C), which is absorbed and metabolized into CO 2 . 13 C recovery in breath is used to estimate GE t 50 using an exponential β function or a Wagner-Nelson function. 9 The advantage of BT is that it requires less expensive equipment and is less invasive than direct methods. Disadvantages are that it provides a proxy measure which may be influenced by other factors and that sampling time is long.
It has been advocated by Bluemel et al. 10 to only use 13 C-acetate BT with prior validation by MRI. They demonstrated an overestimation for the exponential β curve fit and an underestimation for the Wagner-Nelson curve fit, in a comparison of the t 50 of a 300-mL meal. This was measured by MRI and BT using 100 mg 13 C-acetate.
It was suggested that these differences were caused by dilution by gastric secretions and the composition of the meal. 10 Accordingly, tracer interactions with fat components in a test meal have been shown to affect tracer absorption and subsequent excretion 11 and thus tracer-based estimates of GE.
Sanaka et al. 9 propose a sampling period of at least 4 hours, and in specific pathological cases up to 6 hours, to allow accurate curve fitting. However, this sample collection duration is both a practical limitation and a burden for the participant or patient.
Longer sample collection duration may increase accuracy but this may not always be necessary. With liquid foods, recovery differences are apparent within 2 hours post ingestion. 10, 12 Apparently, liquid meals empty relatively quickly, especially if their macronutrient content is low. 13 Therefore, for quick emptying foods a much shorter breath sampling time may be sufficient to detect differences.
The current study aims to compare GE over 90 minutes measured by 13 C breath analysis and MRI with 4 liquid meals, varying in energy load and viscosity. We hypothesized that food properties will affect GE as measured by both BT and MRI, and that 13 C breath analysis will show comparable group results to MRI.
| MATERIAL S AND ME THODS

| Ethics
The procedures followed were approved by the Medical Ethical
Committee of Wageningen University (NL48059.081.14). This study was registered in the Dutch Trial Registry under number NTR4573.
Written informed consent was obtained from all participants before participation. Participants received monetary incentives for participation.
MRI results from the same study have been published elsewhere. 14 
| Participants
Participants were recruited via e-mail and social media in the 
| Design
The study had a randomized 2 × 2 crossover design, with four different liquid meals that were different in viscosity (thin vs thick) and energy load (100 kcal vs 500 kcal). Participants visited the lab facilities 4 times for a test session with at least a 48 hour washout period in between. Each participant had his test session always on the same time of the day.
| Liquid meals
The ingredients for the liquid meals were: cream (AH Basic, Albert 
Key Points
• Our aim was to assess similarity in assessment of gastric emptying between 90-minute 13 C breath analysis and MRI among four liquid meals.
• On group level both measurement methods show similar order of emptying times, however, both t 50 times and rankings within a participant differed significantly between methods.
• Ninety minutes of sample collection with BT is sufficient to detect differences in GE t 50 in liquid meals, however, food matrix affects BT and not MRI outcomes.
Scientific GmbH, Veenendaal, The Netherlands) was added to all meal shakes to label them for the BT. Ingredients and nutrient composition of the liquid meals can be found in Table 1 .
| Rheological properties of the stimuli
The flow behavior of the four shakes was determined using a rheometer (Anton Paar MCR 502 equipped with concentric cylinders).
Viscosities were measured first at shear rates increasing from 0.01 to 1000 s-1 and then at shear rates decreasing from 1000 to 0.01 s-1 at 370C. Sixty measurements points were recorded for each shake with a measurement duration of 10 seconds per point. The viscosity differed greatly between the four shakes. The 100 Kcal/thin shake displayed the lowest viscosity of all samples. At any shear rate, the 500 Kcal/thin shake displayed a higher viscosity than the 100 Kcal/thin shake and a lower viscosity than the 500 Kcal/thick shake. At any shear rate, the 500 Kcal/thick shake displayed a higher viscosity than the 500 Kcal/ thin shake and a lower viscosity than the 100 Kcal/thick shake. The 100 Kcal/thick shake had the highest viscosity of all samples at any shear rate ( Figure S1 ).
| Test session procedures
Participants were instructed to fast for at least 3 hours prior to the test session. They were only allowed to drink water during that time and nothing in the last hour before the session. After arrival participants provided two baseline breath samples and were scanned for baseline stomach content. After this, participants were taken out of the scanner and instructed to consume the shake through a 1-cm diameter straw within 2 minutes. After that, they were positioned in the scanner again in a supine position and remained there for 90 minutes, undergoing a gastric MRI scan every 10 minutes (see Figure 1 for a session overview Fiber, g 0.5 4 0.5 2.5 a Nutrient composition of the food stimuli resemble a mixed meal, with 50% of the energy load coming from carbohydrates, 30% from fats, and 20% from protein.
TA B L E 1 Energy content and nutrient composition of the four liquids per 100 g, participants received 500 g F I G U R E 1 Overview of the procedure of one experimental session
| Direct gastric emptying: gastric content (MRI)
Participants were scanned with the use of a 3-Tesla Siemens Verio showing gastric content. Data were fitted using the NLME package in R (R3.2.2; R Foundation for Statistical Computing, Vienna, Austria). The gastric content per time point fitted using a linear exponential model, 6, 7 this was subsequently used to determine MRI GE t 50 (MRI t 50 ). C recovered (PDR). The PDR was fitted using the method following Ghoos et al. [15] [16] [17] and a more recent modified method by Bluck 7, 18 developed for conventional BT data.
These formulas were applied to our data to estimate Correlation was tested by computing Kendall's τ coefficient.
| RE SULTS
An overview of the mean t 50 per treatment, significance of the model factors and post hoc results for both MRI and 13 C PDR can be found in Table 2 .
F I G U R E 2 Transversal slice at the height of the liver, showing pre-ingestion on the left and 10 min postingestion on the right. The bottom has the surface area of the gastric content highlighted in red. Surface area was used to calculate gastric volume at the moment of a scan
| Direct gastric emptying: MRI
Total gastric volume over time can be seen in Figure 3 . There was a significant effect of viscosity (P = .006) and energy load (P < .001), but their interaction was not significant (P = .83). The thin 100 kcal shake had the shortest GE t 50 of the treatments (95% CI 11.9-41.4 minutes). The thick 100 kcal had longer GE t 50 (95% CI 26.4-55.9 minutes), followed by the thin 500 kcal (95% CI 54.9-84.4 minutes). The thick 500 kcal had the highest t 50 (95% CI 67.3-96.8 minutes). Results show significant effects of energy content for both low (P < .001) and high viscosity (P < .001). The effect of viscosity was significant for the low energy load (P = .033), but not the high energy load condition (P = .065).
| Indirect gastric emptying: 13 C Breath test
Percentage dosage recovered over time is shown in Figure 4 . 13 C t 50 Bluck : there was a significant effect of viscosity (P = .001), energy load (P < .001) and a significant interaction effect (P = .003) indicating that the effects of viscosity and energy load are not independent. Breath testing t 50 was shortest for the thin 100 kcal shake (95% CI 15.1-41.5 minutes). The thick 100 kcal had a longer t 50 (95% CI 28.6-55 minutes) followed by the thin 500 kcal (95% CI 31.3-57.8 minutes). There was a significant effects of energy load for the low viscosity (P < .001) but not the high viscosity condition (P = .25). The effect of viscosity was significant for the low energy load (P < .001), but not the high energy load condition (P = .80). 13 C t 50 Ghoos : there was a significant effect of viscosity (P = .003), energy load (P < .001) but no interaction effect (P = .06). Breath testing t 50 was shortest for the thin 100 kcal shake (95% CI 60.1-100.4 minutes). The thick 100 kcal had a longer t 50 (95% CI 100.9-140.7 minutes) followed by the thin 500 kcal (95% CI 128.9-168.7 minutes). The thick 500 kcal had the highest t 50 (95% CI 138.5-
minutes).
There was a significant effect of energy load for both the low (P < .001) and high viscosity condition (P = .002). The effect of viscosity was significant for the low energy load (P = .001),
but not the high energy load condition (P = .40).
| Comparison of BT with MRI
Each session measured with MRI t 50 and 13 C t 50 is plotted in Figure 5 .
Six out of 15 participants showed complete similarity in rankings for 13 C t 50 Bluck and six participants had a Kendall distance >1. Four out of 15 participants showed complete similarity in rankings for 13 C t 50 Ghoos and 8 participants had a Kendall distance >1.
TA B L E 2 Effect of viscosity and energy load on t 50
Thin 100 kcal (min) Different letters indicate Sidak adjusted post-hoc pair-wise comparisons indicated significant differences between the t 50 .
F I G U R E 3
Overview of the MRI volume over time of the four treatments (mean ± SEM). These volumes were used to fit emptying curves and extract t 50 . At time points 0 and 10 the volume of the thin 100 kcal treatment was significantly different from the other treatments, at the following time points there was a significant difference between all but the two 500 kcal treatments
F I G U R E 4 Percentage dosage recovered (PDR) over time for the 4 treatments (mean ± SEM)
. These values were used to derive t 50 . At time points 10 and 20 the thin 100 kcal was significantly different from all treatments. At 50 and 70 min there were significant differences between the 100 kcal and the 500 kcal treatments. At 90 min there was no difference 
| D ISCUSS I ON
The current study aimed to compare GE times measured by 13 C breath analysis and MRI among 4 liquid foods varying in energy load and viscosity by measuring their GE concurrently with 13 C breath analysis and MRI over 90 minutes.
Gastric emptying times were increased for the liquid meals by both viscosity and energy load. Although 13 C t 50 Bluck underestimated emptying rate, 13 C t 50 Ghoos overestimated emptying rate when looking at individual results; only a minority of participants, six for t 50 Bluck and four for t 50 Ghoos had matching rankings. However, on the group level they were similar to MRI t 50 . Viscosity and energy load showed a significant positive interaction effect for 13 C t 50 Bluck which was not apparent when looking at the MRI t 50 results.
Our ranking data suggest that MRI and 13 C t 50 estimates are congruent on a group level, which is illustrated by the curves shown in Figures 3 and 4 . However, individual rankings were different; six participants (40%) had a Kendall distance greater than 1, indicating that there were at least two treatments ranked different in relative GE between measurement methods. From our results we conclude that short-term BT may be a suitable method for relative GE emptying differences in fast emptying food stimuli on a group level, but not for individual estimates.
The outcomes of BT are often used to diagnose dyspepsia. In clinical practice, the 13 C GE test is commonly performed using an egg sandwich. Knight et al. 23 showed that something as seemingly insignificant as the cooking method of the egg may already influence tracer behavior. It should therefore be strongly advised to look further into the validity of current clinical practice using BT to diagnose abnormal GE.
| Limitations
Measurement of GE with a conventional MRI scanner requires participants to be in a supine position. We observed differences between our treatments, however, this supine position means that gastric content flows slower through the pyloric sphincter, due to gravity not propagating flow as effectively as it would in a standing or sitting position. The observed emptying may therefore be slower than in a more natural position, but relative differences should remain intact.
The current study assessed GE over 90 minutes with both BT and MRI, whereas other studies kept collecting breath samples after finishing the MRI measurements. 10, 11 Our MRI measurements showed that at the end of the sampling time not all of the meal had emptied from the stomach. For research in which relative GE rates between groups are compared, gathering breath samples for 90 minutes can be sensitive enough to measure different emptying rates as these differences occur already quickly after ingestion.
For this study, we chose to include only male participants in order to maintain a homogenous group. Moreover, isotope measurements for short periods such as 90 minutes are not standard procedure and this relatively short duration may have influenced our results.
However, we have a relatively large dataset of 60 GE events of both techniques simultaneously, which allows within subject rankings of both techniques. When we look at individual data large discrepancies can be seen between the ranking based on BT and that based on MRI. The rankings are very different in up to 40% of participants.
In our opinion, this can not only be the result of our relatively short sample gathering time.
| The challenges of indirect measurement methods
GE measurements with the indirect BT method have been used in many different studies. 15, 19, [24] [25] [26] Nevertheless, there has been discussion on the validity of indirect measurements and the GE times which are inferred from them. [27] [28] [29] [30] BT results are based on the solubility, bio-availability, absorption, metabolization, and excretion of the used tracer. To guarantee reliable study results it is important that the tracer is distributed evenly throughout the food stimulus that it is bio-available, directly absorbed by the intestine, and Kendall's τ = 0.555 (P < .001) for MRI and 13 C t 50 Ghoos metabolized by the liver upon availability. A likely explanation for discrepancies between direct and tracer-based methods is that the behavior of the tracer and its interaction with the intestine and liver is influenced by the food matrix in which it is delivered.
In addition, different tracer compounds have different chemical
properties. It has been suggested that 13 C acetate might lead to higher 13 C levels within the CO 2 in breath more quickly than octanoic acid due to faster metabolism of acetate. 31 This would make 13 C acetate a better tracer for short duration trials, however, acetate has a large affinity for water. 13 C octanoic acid is a lipophilic compound and has been used in experiments with both liquid and solid test foods. 1, 32 We used octanoic acid as a tracer because of the fat component of the meals. Octanoic acid has affinity for fatty foods. 33 With fat containing foods intragastric lipid layering can occur. Such food matrix effects may have resulted in over-or underestimation in previous tracer-based work. The food stimuli we used contained all macronutrients of a normal meal in relative percentages. The rationale for this was to find results valid for actual meals and also to exclude specific macronutrient effects. 34, [36] [37] [38] However, using regular foods makes the tracer choice challenging, because intragastric tracer behavior becomes less predictable as the food matrix becomes more complex. A possible solution would be to combine multiple tracers or use a combination of a radioactive marker and a tracer. However, also in that case prior validation is required to ascertain that the labeling works as intended.
| CON CLUS ION
MRI and 13 C BT shows agreement on the group level; with a relatively short time of data collection (90 minutes), we were able to establish similar differences in GE between four foods for both methods. In contrast, on the individual level our results show over-or underestimations of half emptying times depending on the curve fitting method used and different ranked GE times between treatments.
In contrast with BT, MRI does not depend on tracer binding and recovery. Therefore, we advise researchers and clinicians to validate their BT-protocol for each type of food stimulus with MRI before using it as a measure of GE time.
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